Abstract. It is suggested that an interaction not being invariant about the internuclear molecular axis is useful for the description of rotational excitation of diatomic molecules in the electronic n-state. In the framework of the helicity-basis of angular momentum a complete scattering theory qualified for numerical use is presented. Collision induced excitation by rare gases, X-and n-state molecules is treated separately. Special attention is paid to polarization phenomena. The connection with the usual angular momentum coupling scheme is given explicitly.
Introduction
Thirteen years ago. Arthurs and Dalgarno (1960) presented their paper 'The theory of scattering by a rigid rotor'. Since then this fundamental theory has served for any theoretical investigation concerning rotational excitation of diatomic molecules by atoms treated as point masses.
During the last three years, however, a new field of activity has been opened experimentally. Using the method of laser-induced fluorescence it has been possible to study in detail collision-induced rotational energy transfer in electronic II-state molecules. In the following we make special reference to experimental data involving the alkali molecules Na, (Bergmann and Demtroder 1971 , 1972a , 1972b , Li, (Ottinger et al 1970, Ottinger and Poppe 1971) and NaLi (Ottinger 1973) . As collision partners all rare gases were used as well as some molecules : H, , HD. D2. N,. CH, . In all cases it was found that the homonuclear molecules Na, and Li, have large cross sections for IAjji = 1 transitions which, of course, are forbidden for C-state molecules. The most surprising effect was the discovery of the asymmetry. That means that for transitions with odd Aj values the cross sections a(ilAj1) and a(-lAjl) differ considerably. In the special case of Ne, eg the asymmetry a ( + l),'a( -1) reaches a value of 3 and more.
Here we are confronted with experimental data which cannot be reproduced by the theory based on the potential V ( r , O ) = vK(r)pK(o) K for which any surface of constant potential energy shows cylindrical symmetry about the internuclear axis (Arthurs and Dalgarno 1960) . In II-state molecules, as considered here, the angular momentum of the molecular rotation has a projection A = F 1 along the internuclear axis. Denoting these states by IA) the potential will have the structure with
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In matrix notation these relations read These A-states, however, do not form a suitable basis because they are not eigenstates of the parity (Herzberg 1950) . Instead of IA) we have to deal with the symmetrized states we find an important difference. In the A-basis we have
whereas in the €-basis we find That means, in the A-basis equal forces act if the molecule rotates left or right. But in the e-basis the forces are different for symmetrical or antisymmetrical rotations. Symmetry transitions experimentally observed are produced by the operators
Therefore, the potential must contain these operators. Their physical meaning is easily seen in the A-basis. The operators Q+ transfer a torque about the internuclear axis of the molecule.
We are here confronted with a non-stationary two-state system. The two corresponding stationary potential surfaces are not degenerate, from V or 3 one calculates the eigenvalues %I = 4 0 * 4 with q2 = q _ , q 2 .
If we now try to express the interaction between the molecule and the atom in terms ofa scalar potential function, the term Qo may, ofcourse, be identified with the expansion in a series of Legendre polynomials. The angular momentum flip processes, however, need additional spherical harmonics terms C, , ( 8, $) with M = + 2. With this realization of Q k 2 a satisfactory fit of the experimental data for Na, has been obtained (Bergmann et a1 1972) . Recently, this model has been successfully applied to the scattering data of NaLi (Ottinger 1973) . On the other hand, classical trajectory calculations have been performed (Poppe 1972 , private communication) using a two-potential model. This model was not able to reproduce the asymmetry. In a recent paper Poppe (1973) has tried some physical interpretation of the calculations performed by Bergmann et a1 (1972) . He also reports that classical calculations using the generalized potential introduced by Bergmann et a1 have not led to any asymmetry.
The purpose of the present paper is to give an exact quantum mechanical formulation of the scattering theory for symmetric tops in the electronic l3-state within the framework of the &dependent interaction. Throughout this paper we pay attention only to rotational transitions. Vibrational transitions are neglected for lucidity. It is easy to incorporate subsequently the vibrational transitions into the theory. On the other hand, however, the study of rigid molecules should also be valuable in this context because vibrations have been shown to have only little influence on the asymmetry, at least for Na, (Bergmann and Demtroder 1972a, b) .
Section 2 contains a complete angular momentum decomposition of the problem using helicity theory (Klar 1971 ). All equations are exact within the validity of a twoparticle potential surface. The helicity formalism in such cases has great advantages because the potential is easier to be handled in this basis than in the 1-s coupling scheme.
The calculation of scattering data is exposed in 0 3 and the reciprocity theorem is outlined there.
In 0 4 we generalize the potential in order also to include rotational excitation by molecules. Experimental data are available for the diatomic C-state molecules H,, HD, D,, N, (Bergmann and Demtroder 1972a, b) . Finally, we are also concerned with collision partners forming a ll-state in their lowest level, eg NO, OH.
Although as yet only unpolarized total cross sections have been measured we predict some general features concerning the polarization. We propose an experiment confronting homonuclear and heteronuclear molecules with respect to their polarization.
In the appendix the calculation of potential matrix elements in the helicity basis is given. For the reader not familiar with helicity theory the connection to the I-s coupling scheme has also been sketched in the appendix.
Angular momentum decomposition
The hamiltonian for a system consisting of a diatomic molecule in the electronic II-state and an atom in the ground state reads in the centre of mass system
where T is the kinetic energy, Hmol is the internal energy of the molecule and V is the interaction potential between molecule and atom. Considering the free molecule as a symmetric top and neglecting the (very small) A-doubling (Herzberg 1950 ) the eigenfunctions are given by linear combinations of rotation matrices? with c = i l . R stands for the set of Euler angles. The projection of the molecular angular momentum on the space-fixed z-axis is m, and on the internuclear axis A = +_ 1.
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These functions are eigenfunctions of Hmol,
PA;,,, = E . ( -)'Ai,c.
B being the rotation constant, and of the parity operator P,
The potential V in equation (1 j is given by the considerations in the introduction; in the body-fixed system it may be expanded in the form
K Q
Here we use the spherical harmonics in the normalization introduced by Brink and Satchler (1958) :
The summation in equation ( 5 ) In order to find the angular momentum decomposition we first construct a normalized plane wave state in the helicity representation, lpj E A )
p being the relative momentum and 2 the helicity. Out of (7) we project a helicity state of definite total angular momentum J (Jacob and Wick 1959)
where 3, and 'pp are the polar angles of the unit vector @ = p/p and M is the projection of the total angular momentum J o n the space-fixed z-axis. Because the states defined by equation (8) form a complete and orthonormal basis, the scattering solution of the wave equation can be expanded (Klar 1971) 
m being the reduced mass. The radial function in equation (9) is obtained by solving the set of equations
The matrix elements of L 2 = ( J -J 2 are derived elsewhere (Klar 1971 )t for even more general reactions. For our special case, the results are given in table 1. The derivation of the potential matrix element is given in the appendix. The result is
Though the centrifugal term is slightly more complicated in this representation the potential has a remarkably simple structure. The fundamental properties of equations (1 1 ) and (1 la) and their physical reasons are : (i) diagonality in J and M (rotational invariance) (ii) independence of M (Wigner-Eckart theorem) (special property of the helicity representation) (iii) independence of J (iv) diagonality in 2.
(v) symmetry VE') H ( j c ) (hermiticity).
Further, we find in equation ( l l a ) the selection rule for a transition produced by the multipole of rank K , see table 2.
Finally, in equation (1 la) the asymmetry in Aj becomes very transparent after some mathematical manipulations. From the experiments (Bergmann et a1 1972a, b, Ottinger 
From the selection rule we find in this case -E ( -) j ' -j = 4 -IK therefore, the Kth bracket term of equation (1 la) rewrites, omitting common factors,
Here we see explicitly that for a given initial state ( j , E ) for j ' -j = -ilAjji really different interactions ener the wave equation because of the term j ' -j . The special case K = 2, j' = j On the other hand, for transitions without change of symmetry (E' = E ) the relation (12) does not hold. In this case the two Clebsch-Gordan coefficients are essentially equal without change of sign, since the factor j ' -j does not occur.
was discussed by Bergmann et al(197 1).

Calculation of scattering data
As yet we have derived a set of radial equations. In this section, now, we explain in which way one obtains the desired scattering matrix. For this object it is not necessary to know in detail the asymptotic behaviour of the radial wavefunction starting from equation ( (14) and obtain directly The force-free regular solution U is obtained from equation (13) 
Rotational excitation by molecules
So far we have assumed that the diatomic molecule in the n-state is rotationally excited by a structureless atom. Bergmann et a1 (1972a, b) in their experiments have also used some molecules as collision partners. Therefore, we generalize the theory also to these cases restricting ourselves, however, to diatomic molecules whose potentials are not too complicated.
We begin with C-state diatomic collision partners. Klar (1969) has given a potential expansion for two rotors both in the C-state using bipolar spherical harmonics (Brink and Satchler 1968) . The generalization to the case considered here reads In equation (21) P, gives the orientation of the Estate rotor. For k2 = q2 = 0 we would H Klar fall back on spherically symmetric atoms. Following Klar (1971) we get for the matrix element in the helicity basis
. k , 01 j ; j . ) ( j2jL2k2 01 .U2 ) [ v~k . . k 2 ( r ) ( j 1 1 k l o~. f l + E l v i k i k 2 ( r ) < j l -1k121ji1)1 <j2°k201j;0> (22) where j , is the angular momentum of the C-state rotor and jv2 its helicity. From equation (22) we see that the square bracket responsible for asymmetric Ajltransitions has exactly the same structure as in equation (lla). This may be a supplementary justification for the deliberate use of the simpler but not correct potential also for H,, D, and N, by Bergmann et al(1971) .
But keeping in view an exact description using the potential equation (21) we discover an important fact. The sums over k l , k2 and K are restricted by the triangle relation A(k,k2K). If we content ourselves with, for example, multipoles K 6 2, an infinite set of k , and k , may already contribute to the matrix-elements, equation (22). In consequence of the triangle relation A ( j , k J ; ) higher Ajl-transitions become probable. With other words, for molecules as collision partners we generally expect a wider Aj,-distribution as for atoms. This is in agreement with experiments performed by Bergmann et a2 (1972a, b) .
For the sake of completeness we also give the potential if both rotors are in l7-states since several possible collision partners like NO, OH have II ground states. An experimental investigation, however, does not yet exist. The generalization of equation (22) reads
~~~'~~2 ' ( r~D~:~1~R 1 ) D~~~2 ( R 2 (23) We do not write down the matrix elements of this potential. What we have said above with respect to the number of contributing multipoles holds even here. Furthermore, in this special case the two symmetry states of the second molecule ( e 2 = k l ) come into play. It must be expected that a Ajl-transition depends not insignificantly on the symmetry parameter e 2 ,
The angular momentum reduction runs along the same lines as given in $2. The centrifugal term for two spinning particles was derived by Klar (1971) .
Polarization
I t is a great advantage of the helicity representation used here that the projection of the molecular angular momentum onto the relative momentum enters the equations in a very natural way. In all cases considered we have found that the potential is diagonal in the helicity i . But 2 is not conserved in the exact transition matrix because of the centrifugal potential. For not too low kinetic energies, however. where many total angular momenta contribute we expect that helicity non-flip amplitudes dominate. Therefore. the dependence of the cross section on 2 should essentially be given by the potential matrix elements. Looking at equations (1 la) and (22) the dependence on i is given by the coefficient c(; . ) = (ji.KO1 j'j.).
Let us briefly consider lc(iL)l2 for the special transition j' = j-1 if the cross section is dominated by the smallest value of K . For a heteronuclear molecule we have with K = l and for a homonuclear molecule with K = 2 see Condon and Shortley (1970) .
In figure 1 we have drawn the A-dependence in units ofA/j. We discover a very different behaviour with respect to the polarization. For the heteronuclear molecule transitions with a small and intermediate 3. are favoured, that means that the molecular angular 0 Figure 1 . Polarization for heteronuclear ( K = 1) and homonuclear ( K = 2) molecules momentum j is nearly perpendicular to the CMS momentum p . On the other hand the homonuclear molecule has only a very small probability for transitions with small i.. here configurations are preferred where j and p are almost parallel. ThiS qualitatively discussed behaviour may possibly be verified experimentally by using, for example, NaLi (n), NaK (n) and confronting them with the homonuclear molecules Na2 (n) or Li2(n). Molecules as collision partners may not, perhaps. be very useful because many multipoles of the corresponding potential might blur the clear behaviour, thus the use of rare gases should be preferred.
For the above consideration we have supposed that helicity non-flip transitions dominate. Though this assumption is justified. looking at the matrix elements we note that the flip amplitudes vanish exactly for small scattering angles, because the rotation matrix in equation (17) becomes diagonal, Therefore, the most ideal experimental situation would be given by suppressing some forward direction.
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Conclusion
For the available experimental material we have presented in this paper a scattering theory in the frame of helicity states. The equations to be solved are suitable for a numerical treatment on the basis of realistic potentials. A close coupling calculation reproducing the scattering data for Na,(I'ItHe is in progress by Klar and Klar (1973) . The results will be reported in the near future.
Using and a symmetry relation for the Racah coefficients the /'-sum follows from Rose (1957) Then, with some symmetry relations for the !-dependent Clebsch-Gordan coefficients, the sum over 1 can be performed yielding an orthogonality. At this step the total matrix element becomes independent of J and diagonal in the helicities. The result is just our equation (1 la).
